Modified creatinine (Cr) index, calculated by age, sex, pre-dialysis serum Cr concentration, and Kt/V for urea, is an indicator of skeletal muscle mass in hemodialysis (HD) patients. It remains unknown whether the modified Cr index predicts infection-related mortality in this population. We investigated the association between the modified Cr index and infection-related mortality. A total of 3046 patients registered in the Q-Cohort Study, a multicenter, observational study of HD patients, were analyzed. Associations between sex-specific quartiles (Q1-Q4) of the modified Cr index and the risk for infectionrelated mortality were analyzed by Cox proportional hazard model. During a median follow-up of 8.8 years, 387 patients died of infection. The estimated risk for infection-related mortality was significantly higher in the lower quartiles (Q1, Q2, and Q3) than in the highest quartile (Q4) as the reference group (hazard ratios and 95% confidence intervals [CI]: Q1, 2.89 [1.70-5.06], Q2, 2.76 [1.72-4.62], and Q3, 1.79 [1.12-2.99]). The hazard ratio (95% CI) for a 1 mg/kg/day decrease in the modified Cr index was 1.18 (1.09-1.27, P < 0.01) for infection-related mortality. In conclusion, a lower modified Cr index is associated with an increased risk for long-term infection-related mortality in the HD population.
Demographics and biochemical measurements. Demographic and clinical data were ascertained at the baseline. The following data were included; age, sex, presence of diabetic nephropathy, history of cardiovascular events and bone fractures, dialysis history, dialysis time, body mass index (BMI), normalized protein catabolic rate (nPCR), systolic blood pressure, cardiothoracic ratio, and the prescription of erythropoiesis-stimulating agents (ESAs), anti-hypertensives, phosphate-binders, and vitamin D receptor activators (VDRAs). Collection and measurement of samples were performed as previously described 10 . Blood samples were collected by vascular access just prior to initiating dialysis sessions after a 2-day inter-dialytic interval at the baseline and were analyzed to determine hematological and biochemical parameters including hemoglobin and serum concentrations of albumin, total cholesterol, C-reactive protein (CRP), urea nitrogen, Cr, calcium, phosphate, and alkaline phosphatase. These routine parameters were measured using an auto-analyzer with standard procedures at different laboratories, depending on the location of the dialysis centers. Whole or intact PTH assays were used to determine serum parathyroid hormone (PTH) concentrations, and conversion between the two assays was conducted using the Eq. (1) 15 . Payne's formula (Eq. (2)) was used to calculate corrected serum calcium concentrations 16 . Single-pool Kt/V for urea was used as the index of adequacy of dialysis and was calculated without residual renal function (RRF) in the present study.
Definition of outcome and covariates. Infection-related mortality was the main outcome of the present study. Definition of infection-related death in the present study was death caused by infectious diseases including respiratory infection (e.g. pneumonia), urinary tract infection (e.g. pyelonephritis), intestinal infection (e.g. enteritis), cardiac infection (e.g. endocarditis), neurologic infection (e.g. meningitis), septicemia, vascular access-related infection, and other infections 17 . The covariate of interest was the modified Cr index [8] [9] [10] . Here, the modified Cr index was calculated using the formula (3) based on age, sex, pre-dialysis serum Cr concentrations, and Kt/V for urea [8] [9] [10] . We used pre-dialysis serum Cr concentrations that were determined on the first dialysis day of the week. In our previous independent cohort study, a close correlation between the modified Cr index and skeletal muscle mass determined by bioelectrical impedance analysis was validated 9 .
Statistical analysis. Details of the statistical method used in the present study was also described in our previous study 10 . All continuous parameters are given as the median (interquartile range), while categorical parameters are given as a number (percentage). Because the modified Cr index distributed in different ranges between sexes, the patients were classified into quartiles (Q1-Q4) based on a sex-specific modified Cr index. Trends between quartiles of modified Cr index were examined by the Cochran-Armitage test for categorical parameters and by the Jonckheere-Terpstra test for continuous parameters. Kaplan-Meier survival curves for infection-related mortality among sex-specific modified Cr index quartiles were examined by the log-rank test. Age-and sex-adjusted and multivariable-adjusted hazard ratios (HRs) and 95% confidence intervals (CIs) for infection-related mortality were examined by the Cox proportional hazards model. Proportional hazards were graphically checked by log cumulative hazard plots for infection-related mortality among quartiles of the modified Cr index. Multivariable-adjusted analyses were performed using the following potential confounding factors selected based on a priori clinical judgment: age, sex, presence of diabetic nephropathy, dialysis history, nPCR, Kt/V for urea, BMI, and serum concentrations of albumin, urea nitrogen, and CRP. The restricted cubic spline model was used to plot the multivariable-adjusted association between the modified Cr index and HRs with 95% CIs for infection-related mortality. We performed subgroup analysis to estimate the association between a decrease in skeletal muscle mass and infection-related mortality according to subgroups of risk factors. Furthermore, to evaluate the predictive value of the modified Cr index for infection-related mortality, we compared a basic model and a basic model with the modified Cr index by c-statistics calculated using a receiver-operating characteristic curve, NRI, and IDI. A basic model included age, sex, the presence of diabetic nephropathy, dialysis history, nPCR, Kt/V for urea, BMI, and serum concentrations of albumin, urea nitrogen, and CRP as potential risk factors. A difference was considered significant when the P value < 0.05. JMP version 13.2 (SAS Institute, Cary, USA) and R software version 3.0.2 (http://cran.rproject.org) were used in statistical analyses.
Results
Baseline characteristics. Baseline characteristics among sex-specific quartiles of the modified Cr index were shown in Table 1 . Patients with a lower modified Cr index were significantly older, more frequently had diabetic nephropathy and a history of cardiovascular events and bone fractures, and had a shorter dialysis history and dialysis time, lower BMI and nPCR, and higher cardiothoracic ratio than patients with a higher modified Cr index. Patients with a lower modified Cr index showed significantly higher serum CRP and alkaline phosphatase concentrations than patients with a higher modified Cr index. By contrast, patients with a lower modified Cr index showed significantly lower hemoglobin and serum albumin, urea nitrogen, Cr, corrected calcium, phosphate, and PTH concentrations than patients with a higher modified Cr index. Prescription rates of phosphate binders and VDRAs in patients with a lower modified Cr index were significantly lower than in patients with a higher modified Cr index, whereas the prescription rate of ESAs was significantly higher in patients with a lower modified Cr index than in patients with a higher modified Cr index.
Association between the modified creatinine index and the nutritional marker. Because lower serum albumin and total cholesterol concentrations, lower BMI, and decreased skeletal muscle mass are included in the criteria of PEW 18, 19 , the association between modified Cr index and nutritional markers was examined. The mean modified Cr index was significantly lower in both the lower serum albumin concentration and lower BMI groups compared with the respective higher ones (both P < 0.01; t test, Fig. 1 ), while the mean modified Cr index was not different between the higher and lower serum total cholesterol concentration groups. Table 2 ). Kaplan-Meier curves showed significantly higher incidence rates of infection-related mortality at lower modified Cr index quartiles than at higher modified Cr index quartiles (P < 0.01; log-rank test, Fig. 2 ). In the age-and sex-adjusted and multivariable-adjusted Cox proportional hazards models, patients with lower modified Cr index quartiles (Q1, Q2, and Q3) displayed higher adjusted HRs for the incidence rates of infection-related mortality compared with the reference group (Q4) ( Table 3 ). The HR (95% CI) for a 1 mg/kg/day decrease in the modified Cr index was 1.18 (1.09-1.27, P < 0.01) for infection-related mortality. The continuous multivariable-adjusted association between the modified Cr index and infection-related mortality was also shown by a restricted cubic spline curve. The HRs for infection-related mortality increased incrementally with a decrease in the modified Cr index ( Fig. 3 ).
Association between the modified creatinine index and the risk for infection-related mortal-

Subgroup analysis.
To evaluate the heterogeneity of the association between the modified Cr index and baseline parameters regarding infection-related mortality, subgroup analyses were performed. The association between a lower modified Cr index and infection-related mortality was reduced in patients with a shorter dialysis history compared with patients with a longer dialysis history (P for interaction <0.001) ( Fig. S1 ).
Predictive value of the modified creatinine index.
To evaluate the predictive value of the modified Cr index, we compared c-statistics, NRI, and IDI for infection-related mortality between the basic model with and without the modified Cr index. Although c-statistics and IDI for infection-related mortality did not significantly increase by the addition of the modified Cr index to the basic model, the NRI for infection-related mortality showed a slightly but significantly better performance in the basic model with the modified Cr index than without it ( Fig. S2 and Table S1 ).
Discussion
In the present cohort study of patients on maintenance HD, we demonstrated that the modified Cr index was significantly associated with nutritional markers including serum albumin concentration and BMI, both of which are included in the PEW criteria. Furthermore, we demonstrated that a lower modified Cr index was significantly associated with a higher 10-year infection-related mortality, even after rigorous adjustment for potential confounding factors. Our study suggests that the modified Cr index, an indicator of skeletal muscle mass, can be used as a nutritional marker of HD patients, which predicts long-term prognosis of infectious mortality in this population.
Skeletal muscle is an essential organ that has multiple functions, not limited to producing mechanical movement or in skeletal support of the body. Demonstrating the importance of such multiple functions of skeletal muscle, accumulating evidence has revealed that sarcopenia is a strong risk factor for adverse events in HD patients 5, 20 . One of the reasonable explanations for the association between a lower modified Cr index and infection-related mortality is the multifaceted function of skeletal muscle on immunity. First, skeletal muscle is the most important organ that induces thermogenesis 21 . When patients contract an infectious disease, they strengthen immunocompetence by raising body temperature mainly with frequent muscle contraction during shivering 22 . Hyperthermia inhibits viral and bacterial proliferation, while promoting leukocyte and macrophage migration and function. Skeletal muscle also plays an important role in energy storage 23 . In an infectious state, various types of hormones and cytokines are induced by stress and lead to the hypercatabolism of skeletal muscle and adipose tissue to manage a latent starved condition. Conversely, decreased skeletal muscle mass results in insufficient thermogenesis and energy expenditure, which is a potential cause of increased severity of infectious disease.
Another possible explanation for our results is the role of exercise-induced, skeletal muscle-derived cytokines termed myokines 24 . Recently, evidence from both clinical and basic research have shown protective effects of myokines in cardiovascular disease and mortality 25, 26 . Furthermore, several studies demonstrated possible direct www.nature.com/scientificreports www.nature.com/scientificreports/ effects of myokines on immunity 27 . Although a detailed mechanism has not been clarified, the protective effects of myokines on various organs, including the immune system, should be noted.
Furthermore, we need to consider the underlying mechanism regarding the association between the modified Cr index and our clinical outcome other than through direct effects of skeletal muscle. In our present and previous studies, we demonstrated that the modified Cr index strongly correlates with nutritional and inflammatory markers, including the BMI, nPCR, and serum albumin and CRP concentrations 10 . That is, these associations show that a decrease in skeletal muscle mass evidenced by a lower modified Cr index partly reflects the MICS. Many previous reports demonstrated that MICS is a strong predictor for a worse prognosis of all-cause mortality, cardiovascular events, and infectious disease in HD patients 6, 28, 29 .Therefore, our results suggest that the modified Cr index serves as a comprehensive indicator of MICS and of skeletal muscle mass, and has a good correlation with diverse clinically important outcomes, including infectious mortality.
Subgroup analyses demonstrated that a shorter dialysis history reduced the association between sarcopenia and infection-related mortality. One possible explanation for this heterogeneity may be that RRF was not included when calculating the modified Cr index. Because the serum Cr concentration is determined by RRF and dialysis adequacy in HD patients 30 , the skeletal muscle mass of patients with a shorter dialysis history, who are likely to have a higher RRF, may not be evaluated accurately by the modified Cr index. Furthermore, because medium-sized proteins, including cytokines, are difficult to eliminate in HD, renal excretion of cytokines is also important in HD patients 31, 32 . Therefore, the ability to eliminate inflammatory cytokines from the body may www.nature.com/scientificreports www.nature.com/scientificreports/ be greater in patients with a higher RRF than those with a lower RRF, leading to a lesser impact of MICS on infection-related mortality in patients with a higher RRF.
Because our study has a large number of subjects with wide-ranging inclusion criteria, our data should better reflect the risk for infection-related mortality in a real-world HD population. No large-scale cohort study has ever shown an association between the modified Cr index and infection-related mortality in HD patients. Furthermore, we previously demonstrated the relationships between the modified Cr index and various outcomes, including bone fractures, heart disease, and all-cause mortality 9, 10 . Although data from France was initially used to create the modified Cr index 8 , our results displayed the universal usefulness of the modified Cr index independent of the patients' racial group.
Our study had several limitations. First, the characteristics, including the modified Cr index, were measured only once at baseline. Therefore, misclassification bias cannot be totally excluded. Furthermore, because the modified Cr index might have changed during the observation period, a time-dependent model is better for survival analysis and is required in any future studies. Second, we did not classify the type of infection, whether pneumonia, urinary tract infection, or vascular access-related infection. It is possible that the modified Cr index www.nature.com/scientificreports www.nature.com/scientificreports/ may impact differently on the different causes of infection-related mortality. Third, as previously described, RRF was not measured in the present study. RRF might affect serum Cr concentration and Kt/V for urea, both of which were included in the formula of the modified Cr index. Therefore, the modified Cr index might not reflect skeletal muscle mass accurately particularly in patients with preserved RRF. Fourth, a causal relationship between the modified Cr index and outcome could not be concluded because the study was designed as an observational study. Finally, although we adjusted for potential confounders, known and unknown residual confounders might modify our results. Despite these limitations, we believe that our results provide useful information on the association between the modified Cr index, skeletal muscle mass indicator, and critical clinical outcome in patients on maintenance HD.
In conclusion, our findings demonstrated that decreased skeletal muscle mass, represented by a lower modified Cr index, was significantly associated with a greater long-term risk for infection-related mortality in HD patients. Furthermore, the modified Cr index was a good predictor for these outcomes in the HD population. Future research is needed to answer the question of whether intervention to increase skeletal muscle mass is beneficial to decrease diverse life-threatening outcomes in HD patients.
Equations.
= . × intact PTH(pg/mL) 1 7 whole PTH(pg/mL)
= +− corrected serum calcium serum calcium concentration (4 serum albumin concentration) (2) Figure 2 . Kaplan-Meier curves for the incidence of infection-related mortality in each group stratified by the sex-specific modified Cr index. Patients were stratified into sex-specific quartiles according to the modified Cr index. Log-rank test was used to analyze statistical differences. A two-tailed P value < 0.05 was considered statistically significant. Abbreviations: Cr, creatinine; Q, quartile of the modified Cr index. 
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